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Introduction
Water channels, also named aquaporins (AQPs), are a family of small (25-34 kDa), hydrophobic, integral membrane channel proteins that facilitate rapid, passive movement of massive amounts of water [1, 2] . Thirteen isoforms of AQPs (AQP0-12) occur in mammals, and they comprise three major subfamilies: the aquaporin subfamily including AQP0, AQP1, AQP2, AQP4 and AQP5, the aquaglyceroporin and glycerol facilitator (GlpF) subfamily including AQP3, AQP7, AQP9 and AQP10, and S-aquaporin subfamily including AQP6, reproduction systems [6] .
A previous study showed that AQPs 1, 3 and 5-9 were expressed in mouse embryos [7] . However, another study did not detect AQPs 1, 2, 4, 5 and 6 in mouse oocytes and embryos at any stage [8] . As an aquaglyceroporin that is permeable to water and small neutral solutes including glycerol and urea [1] [2] [3] [4] [5] , the functions of AQP3 in the transport of water and cryoprotectants in mouse oocytes and embryos have been investigated in several studies [9] [10] [11] . AQP3 facilitates water and glycerol diffusion in mouse morula [10, 12] . Increased expression of AQP3 in mouse oocytes by cRNA injection improves the survival of mouse oocytes after cryopreservation [11] . Decreased AQP3 expression was observed in oocytes of the mice treated with control ovarian stimulation, and this was associated with low fertilization rate [13] . AQP7 is another aquaglyceroporin expressed in mouse oocytes and embryos [7, 8] . Our recent study demonstrated that cryoprotectants induced AQP7 oocytes during cryopreservation [14] .
expression of AQPs 0-12. We also examined the development of murine embryos following knockdown of AQP3 and AQP7, respectively.
Materials and Methods

Embryo collection
Human preimplantation embryos were donated by patients who had a successful pregnancy from an in vitro fertilization program at Women's Hospital, School of Medicine, Zhejiang University. Donation was voluntary and informed consent was given. This research was approved by the Ethics Committee for Research on Human Subjects of Zhejiang University. In order to exclude the effect of sperms that adhere to the zona pellucida (ZP), the embryos, that were used for RNA extraction, were dealt with Tyrode's solution, acidic (Sigma-Aldrich, St. Louis, MO, USA) to digest ZP.
Mouse oocytes and embryos were collected from female ICR mice (Shanghai Institutes for Biological Science, Shanghai, China), which were induced to superovulate with intraperitoneal injections of 10 IU of pregnant mare serum gonadotropin (PMSG) and 10 IU of human chorionic gonadotropin (hCG) given 48 h apart, and were mated with male ICR mice. Twelve hours after hCG injection, the female mice were checked to see if there was vaginal plug. Unfertilized oocytes were collected from the ampullar portion of the oviducts at 14 h after hCG injection without mating. They were freed from cumulus cells by suspending containing 300 μg/ml hyaluronidase followed by washing with HEPES-buffered HTF. Zygote and two-cell for a vaginal plug. Two-cell embryos were cultured in HTF medium containing 10% serum substitute cell embryos, eight-cell embryos, morula and blastocysts were obtained by culturing two-cell embryos. All experiments were approved by the Animal Ethics Committee of Zhejiang University.
RT-PCR and quantitative real-time PCR (qPCR) analysis
Total RNA was extracted from 30~50 embryos from 2-cell to blastocyst stage using RNeasy Plus Micro Kit according to the manufacture's instructions (QIAGEN, Valencia, CA, USA). The cDNA was prepared by reverse transcription, using RT reagent Kit (TAKARA, Dalian, China). Nested PCR was used to increase the was performed in 25 μl reactions consisting of 2 μl embryo cDNA, 12.5 μl premix Taq (TAKARA), 9.5 μl double-distilled water (ddH 2 O), 0.5 μl sense primer and 0.5 μl antisense primer. Reaction conditions were 2 control cDNAs were from Human MTC TM Panel I and Human MTC TM Panel II (Clontech, Palo Alto, CA, USA). Negative controls were set up using a complete PCR mix without cDNA. The primers are listed in Table 1 . The PCR products were analyzed by 1.5% agarose gel electrophoresis and stained with ethidium bromide. RT-PCR was repeated at least three times.
qPCR was carried out with SYBR-Green premix Ex Taq (TAKARA) in an Applied Biosystems 7500 Fast (ABI, Carlsbad, CA, USA), using GAPDH as internal controls. The primers are listed in Table 1 . qPCR was 2 [15] . containing 5% BSA and 1% saponin (Sigma-Aldrich) for 30 min, followed by incubation with rabbit polyclonal anti-AQP7 antibody or goat polyclonal anti-AQP3 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at a 1:200 dilution at 4°C overnight. After rinsing three times, the embryos were incubated with Alexa Fluor 488 goat anti-rabbit IgG or rabbit anti-goat IgG or Alexa Fluor 594 rabbit anti-goat IgG (Invitrogen, Carlsbad, CA) at 1:400 dilution for 30 min. The nuclear status of embryos was evaluated by staining with 1 mg/ml of 4',6-diamidino-2-phenylinedole (Sigma-Aldrich) for 10 min. For negative controls, scanning confocal microscope (Carl Zeiss Inc., Thornwood, NY, USA).
Microinjection of siRNA in mouse two-cell embryos
Mouse 2-cell embryos, which showed normal appearance, were collected and stored in HEPESbuffered HTF containing 10% serum substitute supplement (pH 7.4), covered with mineral oil (Sigma-AQP3 siRNA (S62527, sense: 5'-GGA UUG UUU UUG GGC UGU ATT-3'; antisense: 5'-UAC AGC CCA AAA CAA UCC CA-3', Ambion) or mouse AQP7 siRNA (S62538, sense: 5'-GCA GCU ACC ACC UAC UUA ATT-3'; antisense: 5'-UUA AGU AGG UGG UAG CUG CAG-3', Ambion) was dissolved in RNase-free water. An embryo in HEPES-buffered HTF was held with a holding pipette connected to a micromanipulator on an inverted microscope, and injected with 10 pl scrambled RNA solution (1 pg/pl, as control), or AQP3 siRNA solution (1 pg/pl) or AQP7 siRNA solution (1 pg/pl) with an injection needle connected to another micromanipulator. Non-injected embryos were used as another control (untreated). The injected embryos with normal shape just after injection were cultured in HTF containing 10% serum substitute supplement under 5% CO 2 embryos were recorded with a video recorder (OLYMPUS, Tokyo, Japan) at 0 h, 24 h and 48 h, respectively. Twenty-four hours after injection, the mRNA expression levels of AQP3 and AQP7 were evaluated using qPCR, respectively. Twenty-four and forty-eight hours after injection, protein expression of AQP3 and AQP7 
Attachment assay of JAr spheroids to Ishikawa cells
Multicellular spheroids of JAr cells were used as an in vitro attachment model, and applied to in 10 cm plate were transfected with hAQP3 siRNA or scrambled RNA for 24 h and then made into JAr spheroids according to a standard procedure [16] . Ishikawa cells were plated in 12-well plates to achieve a cells. The cultures were maintained in the culture medium (RPMI 1640 medium + 10% FBS) for 1 h. The 12-well plates were centrifuged with the cell-spheroid surface facing down at 10g for 10 min. The attached spheroids were counted under a light microscope, and, the percentage of the total number of spheroids used, was calculated.
Expression of AQPs in human preimplantation embryos
collected 30 human embryos at 2-cell to 8-cell stage to examine the mRNA expression of all 13 subtypes of AQPs with RT-PCR. We found that mRNAs of AQPs 1-5, 7, 9, 11-12 were expressed in human preimplantation embryos (Fig. 1) . However, AQPs 0, 6, 8 and 10 mRNAs were not detected in human preimplantation embryos (data not shown).
Expression of AQP3 and AQP7 in human and mouse oocytes and preimplantation embryos from zygote to blastocyst stage
We examined the expression of AQP3 and AQP7, which are subtypes of aquaglyceroporin family, in human and mouse oocytes, and preimplantation embryos at different stages. We found that the mRNAs of AQP3 and AQP7 were expressed in human and mouse oocytes, preimplantation embryos from zygote to blastocyst stages (Fig. 3) . The confocal images with immunocytochemical staining show that AQP3 and AQP7 (green) are mainly localized at the plasma membrane of human oocyte, and , preimplantation embryos from zygote to blastocyst stages (Fig. 3) . However, AQP3 and AQP7 are mainly localized in the cytoplasm of mouse oocyte, and, preimplantation embryos from zygote to 2-cell stages, and at the plasma membrane of preimplantation embryos from 8-cell to blastocyst stages (Fig. 3) .
siRNA targeting AQP3 and AQP7
AQP3 or AQP7 into each cell of mouse embryos at assay. Compared to embryos injected with scrambled siRNA, treatment of mouse preimplantation embryos with AQP3 siRNA or AQP7 mRNA expression level of AQP3 by 86% (Fig. 4A ), and reduced mRNA expression level of and AQP7 (green) were also lower in mouse preimplantation embryos 24 h or 48 h after injection with AQP3 siRNA and AQP7 siRNA, respectively, compared to the embryos injected with scrambled siRNA, (Fig. 4C) . We found that, after being cultured for 24 h, the percentages of 2-cell embryo reaching to 4-cell and 8-cell stages were 33.6% and 47.5%, respectively, in untreated group (Fig. 4D   Fig. 3 . Detection of AQP3 and AQP7 proteins in human and mouse oocytes and embryos from zygote to bastocyst stage. The proteins of AQP3 and AQP7 were expressed in human (A) and mouse (B) oocytes and embryos from zygote to bastocyst stage. M, marker; oo, oocyte: z, zygote; 2-c, 2-cell embryo; 4-c, 4-cell embryo; 8-c, 8-cell embryo; m, morula; b, blastocyst; NC, negative control.
4-cell, 8-cell, morula or blastula stage between untreated and scrambled groups (Fig. 4D,  E and F) . However, the percentages of 2-cell embryos reaching to 4-cell, 8-cell, morula and blastula stage in AQP3 siRNA-treated group were 17.2%, 1.75%, 1.75% and 0%, respectively, percentage of 2-cell embryos reaching to 4-cell, 8-cell, morula and blastula stage in AQP7 than those in untreated and scrambled groups (Fig. 4D, E and F) .
To determine the roles of embryonic AQP3 and/or AQP7 in embryo implantation, we employed a JAr spheroid attachment assay. JAr spheroids represent an appropriate embryolike model for studies mimicking implantation [17] . We found that JAr cells expressed AQP3 (Fig. 5A ), but not AQP7 (Fig. 5B) . Although treatment of JAr cells with AQP3 siRNA cells did not alter the attachment rate of JAr spheroids to endometrial cells (Ishikawa cells), compared to JAr spheroids transfected with scrambled siRNA (Fig. 5D and E) .
Discussion
In the present study, we have demonstrated that the mRNAs of AQPs 1-5, 7, 9, 11-12 were expressed in human preimplantation embryos. We also found that AQP3 and AQP7 were expressed in human oocytes and preimplantation embryos from zygote to blastocyst staining analyses show low expression of AQP3 and AQP7 in mouse embryos injected with AQP3 siRNA and AQP7 siRNA, respectively (A-C). The embry--cantly inhibited in the embryos injected with AQP3 siRNA or AQP7 siRNA at the 2-cell stage 24 h or 48 h after injection (D). Summary data are shown in E (24 h) and F (48 h). Data are present as mean ± SE. * and **, P P to the untreated controls, respectively. # and ##, P P -bled RNA group, respectively. n, number of repeated experiments. our data will help us to understand the roles of AQPs in the regulation of transport of water and other small molecules in embryos of human and other mammals.
The roles of AQP3 in oocyte and embryo cryopreservation have been investigated because AQP3 is an aquaglyceroporin which might facilitate cryoprotectants such as ethylene glycol and dimethyl sulfoxide. AQP3 was demonstrated to mediate water and cryoprotectant movement and regulated embryo apoptosis during embryo cryopreservation [18] [19] [20] [21] . In the present study, we demonstrated expression of AQP3 and AQP7 mRNAs and proteins in mouse oocytes and preimplantation embryos at all stages. Knockdown of AQP3 or AQP7
suggesting an important role of AQP3 or AQP7 in embryonic development. Down-regulation of AQP3 has been shown to be involved in impaired function of several cell types including decreased water and cryoprotectant permeability [21] . Impaired proliferation of epidermal cells was observed in AQP3 null mice [22] . Reduced AQP3 also inhibited the growth of human esophageal and oral squamous cell carcinoma [23] . On the other hand, an association of increased AQP3 expression with oocyte maturation was demonstrated [24] . Overexpression of AQP3 in mouse oocytes improved the oocyte survival during cryopreservation [11] .
The mechanisms underlying the inhibition of embryonic development by knockdown of AQP3 or AQP7 may involve both the altered water-and glycerol-transporting functions of AQP3 and AQP7. Glycerol acts as energy substrate for glycolysis, and its metabolism is catalyzed by the glycerol kinase that phosphorylates glycerol to glycerol-3-phosphate, which is one of the key metabolic intermediates for ATP production [25] . It has been shown that glycerol kinase was expressed in bovine embryos at all the stages, and its expression in keratinocytes reduced glycerol transport across membrane and cell proliferation, and glycerol supplementation could correct the reduced cell proliferation [22] . Further experiments are needed to investigate the link between AQP3 or AQP7 and preimplantation embryonic development.
It has been demonstrated that AQP3 knockout mice could develop to term [22, 27] . In AQP3 or AQP7 into embryos at 2-cell stage. The knockdown of AQP3 or AQP7 expression occurred in preimplantation embryonic cells from the 2-cell stage embryo onward. The down-regulation of AQP3 and AQP7 might be not completely compensated by other water channels or other membrane proteins from the 2-cell stage. On the other hand, the methods used to knock down AQP3 in present study and knock out AQP3 in other studies were different, which may be another reason for the in our further studies. However, we found that knockdown of AQP3 expression in JAr cells did not affect the attachment rate of JAr spheroid to endometrial cells, suggesting that downregulation of AQP3 in embryos might not affect embryo implantation. maintenance of normal AQP3 and AQP7 levels in preimplantation embryos may be essential for early embryonic development.
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